A b s t r a c t: The acid-base behavior of five p-substituted aromatic hydrazones has been studied, using UV spectrophotometric method. The influence of the acidity of the medium on the absorption spectra is followed in aqueous sodium hydroxide solutions in pH region from 7 to 14. The measurements are performed at room temperature, and at ionic strength of 0.1, 0.25 and 0.5 mol dm -3 . A batochromic shift of the absorption band that appears in neutral media is observed, when pH is up to 7. It suggests that the dissociation process of the amide and hydroxyl group takes place. Deprotonation enthalpies and total energy values are calculated by using the semiempirical methods AM1 and PM3. Using the changes in the UV spectra with pH of the solution, the determination of dissociation constants, pK BH , at three different ionic strengths, as well as, the thermodynamic dissociation constants at zero ionic strength, is performed. In order to obtain more precise results, the calculations are made from the absorbance values at four selected wavelengths. Furthermore, the pK BH values were determined graphically from the intercept of the dependence of logI on pH. The results showed that the numerically calculated pK BH values are identical to those graphically obtained.
INTRODUCTION
The importance of hydrazones and their derivatives arises from their wide use in many scientific fields. This use is due to presence of azometine group (-NH-N=CH-) in their molecule. Some hydrazones are used as quantitative analytical reagents in colorimetric, fluorimetric [1, 2] , and especially in spectrophotometric determinations of metal ions, because they act as multidentate ligands with transition metal ions forming colored chelates [3] . Hydrazone complexes have been of interest for many authors from aspect of coordination chemistry [4] . The knowledge of behavior of hydrazones in solution with different acidity is important in order to achieve higher sensitivity and selectivity for the metal determination [5] .
In addition, hydrazones are useful as preferred derivatives for the identification and characterization of carbonyl compounds, which can be regenerated from phenyl hydrazones using the method well known from the literature [6, 7] . Hydrazones have also been used for different purposes such as: herbicides, insecticides, nematocides, rodenticides, plant growth regulators, sterilants for houseflies, among other applications [8] . Furthermore, the hydrazones are important for their use as plasticizers and stabilizers for polymers, polymerization initiators and antioxidants [9, 10] . On the other hand, tautomerism and isomerism phenomena for these compounds are of particular chemical and theoretical interest. The hydrazo tautomer exists in neutral solutions whereas the azo tautomer exists in strong acidic or alkaline solutions [11] .
However, the most valuable property of hydrazones is their great physiological activity. It is well known that the hydrazone group provides a wide range of applications in biological and pharmaceutical fields. Therefore, a number of hydrazone derivatives have been claimed to possess interesting anticonvulsant, antidepressant, analgesic, antiinflammatory, antiplatelet, antimalarial, antimicrobial, antitumoral and antiviral activities [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore, hydrazones can display antitubercular effects based on their tendency to form stable metal chelates with transition metal ions [20] , which catalyze the physiological processes [21] .
The biological activity of the organic compounds like investigated ones, depends on the pH values of the media, thus the behavior of these compounds in acidic and basic media is very significant. Because of that the behaviour of the investigated hydrazones was previously followed in perchloric acid medium [22] . On the other hand, the dissociation constants are important parameters for understanding and quantifying chemical phenomena such as re-action rates, biological activity, biological uptake and biological transport [23] . Proton transfer reactions are very important in chemistry and knowledge of proton affinities of bases and deprotonation enthalpies (DPE) of acids is therefore essential. The results for the deprotonation enthalpies obtained using the experimental techniques are limited to the gas phase and are available only for a limited number of ions and molecules. Therefore, the calculations of the DPE theoretically, using semiempirical methods, could be carried out more quickly and they are not limited by the physical properties of the molecules.
In this study, using the UV spectrophotometry method, we followed the behavior in basic media of five p-substituted aromatic hydrazones. Our aim was to determine the dissociation constants, as well as, thermodynamic dissociation constants of these compounds. In addition, we calculated total energy and deprotonation enthalpy values in order to determine the site of dissociation of the investigated hydrazones.
The structure of the hydrazones under study is presented in the The investigated hydrazones are synthesized in our laboratory and structurally characterized by UV spectroscopy, infrared spectroscopy (IR), nuclear magnetic resonance ( 1 H NMR and 13 C NMR), as well as, by elemental analysis (the results are in preparation for publication).
EXPERIMENTAL

Preparation of a stock and test solutions
A stock solution of the hydrazones is prepared by dissolving about 60 mg of the compound in 96% ethanol in a volumetric flask of 250 cm 3 . The volume of 0.75 cm 3 of this solution is transferred into 25 cm 3 volumetric flask, and after adding appropriate volume of NaOH (c = 0.5 mol dm -3 ) and NaClO 4 (c = 1 mol dm -3 ) the flask is diluted up to the mark with deionized water. The degree of dilution of the stock solutions is chosen to obtain concentration of the hydrazones in the test solution of about 3·10 -5 mol dm -3 i.e. the absorbances to have a value between 0.1 and 1 at the studied wavelengths. The pH of the test solutions is adjusted with NaOH, while the ionic strength is maintained constant (0.1, 0.25 and 0.5 mol dm -3 ) using the solution of NaClO 4 . The UV spectra are taken immediately after preparation of the test solutions, at room temperature. After that the pH of each test solution is measured. The solution which does not contain the investigated hydrazone, but has the same composition as tested one, is used as a blank. The stock solutions were stable a long period of time under ordinary conditions, while the stability of the working solution was satisfactory only 24 hours of time.
Equipment and chemicals
The aromatic hydrazones are purified by twice recrystalization from ethanol or diluted ethanol. The purity of the hydrazones is tested by measuring of melting point, as well as, by the data of elemental analysis. The other chemicals (NaOH, NaClO 4 and ethanol) were of analytical grade p.a. (Alkaloid), and they are used without further purification.
A digital pH meter with glass electrode (pH range from 1 to 14) is used for measurements of the pH values of the solutions. The spectral measurements are carried out on a Varian Cary 50 spectrophotometer controlled by a computer and equipped with a 1 cm path length quartz cell, in the wavelength region from 190 nm to 400 nm. The maximum scan rate is 24 000 nm/min and resolution is 1.5 nm.
Excel program is applied for calculation of the dissociation constants, while the UV spectra are obtained with computer program Grams Version 4.10. 
Procedure for determination of dissociation constants
The hydrazones in basic media behaved as weak acids [24] , hence their acid dissociation constants could be calculated using the changes in the UV spectra with pH of the medium. The dissociation of a weak acid could be defined as follows (Eq. (1)):
At constant ionic strength, the equilibrium constant of the dissociation reaction expressed using the concentration values is given with the Eq. (2), while Eq. (3) is used for calculations of the pK BH .
In Eq. (3) I is ionization ratio i.e. ratio between concentration of dissociated and neutral form of the hydrazone molecule, I = c(B − )/c(BH), pK BH is stoichiometric dissociation constant. The concentration of these two forms of the hydrazone presented in the solution are determined by resolving the overdetermined system of four equations (referred to the absorbance values at the analytical wavelengths) with two unknown parameters (the concentration of neutral and dissociated form). At the other hand, the calculations could be made from the absorbance values of a wavelength at maximum absorption, but the results obtained in this way are less precise. All the calculations are performed using the computer program Excel.
The pK BH values are obtained graphically, too. In fact, when c(B -) = c(BH), logI = 0, and the graphically dissociation constant is equal to the pH value of solution (pK BH = pH), i.e. the weak acid is half dissociated [25] . The thermodynamic dissociation constants are evaluated with extrapolation to zero ionic strength of the dependence pK BH (at ionic strength of 0.1, 0.25 and 0.5 mol dm -3 ) on μ .
RESULT AND DISSCISION
Experimental spectra
The influence of the acidity of the medium on the investigated hydrazones have been studied using the electronic absorption spectra recorded in solutions covering the range of pH from 7 to 14, at wavelength intervals between 190 and 400 nm. The spectra are recorded at ionic strength of 0.1, 0.25 and 0.5 mol dm -3 . The obtained spectra at ionic strength of 0.1 mol dm -3 for the hydrazones H 4 and H 5 are shown on the Fig. 1 . The spectra for the hydrazones H 1 , H 2 and H 3 are dropped out, because they are similar to those of the hydrazone H 4 . The electronic absorption spectra of the hydrazone H 4 display one absorption band in the wavelength region from 230 to 400 nm (See Fig. 1 ). Its maximum in solution with pH ≈ 7.5 appears at around 300 nm wavelength. This band is a result of a low energy n→π * electron transition of the azometine group, and characterizes the neutral form of the compound. When the pH value of the solution increases (up to pH 9), the absorption band of the hydrazone H 4 shifts towards longer wavelengths (around 320 nm) and its intensity decrease ( Fig. 1) . At pH value around 11.6 its position and intensity does not change anymore. These changes in the UV spectra of hydrazone H 4 , probably are a result of dissociation of amide group.
As it is expected, the changes in the experimental UV spectra of the hydrazone H 5 are different than those mentioned above (See Fig. 1 ). When the pH of the solution increases from 7.9 to 10.2 the absorption band that appears in neutral media at 302 nm shiftes batochromic to 327 nm, and its intensity increases. There are no changes in the position and intensity of this band up to pH value of the 10.3 and until 11.4. However, when the investigated solution becomes more basic (pH between 11.7 and 13.2) another batochromic shift to 340 nm is observed, and in this case the intensity of the absorption band decreased. There are no changes in the experimental spectra of the hydrazone H 5 up to pH values of 13.2. According to the more acidic character of the hydroxyl group than amide group, the first band shift is due to dissociation of hydroxyl group, while the second one can be a result of dissociation of amide group.
The described changes in the UV spectra of the investigated hydrazones show that the dissociation reaction takes place in basic media. The positions of absorption band in neutral and in basic media, as well as, the molar absorption coefficient values (ε) are given in 
Sigmoidal ,,S" curves
The changes in the absorbance values with the changes of the pH values of the solution could be better seen from the dependence of the absorbance of selected wavelengths on pH. This dependence has sigmoidal form (,,S" curve) and it allows evaluating the pH region in which the dissociation process takes place. The ,,S" curves obtained for the hydrazones H 4 (reconstructed spectra)
From the Fig. 2 it can be seen that the absorbance values are constant between pH values of 7 and 9.5, and in the solution probably the molecular form of the investigated compound is dominant. Furthermore, the absorbance values increase in the pH range from 9.5 to 11.5, and in this range the dissociation process of the hydrazone H 4 occurs. Above pH of 11.5 the absorbance value of the dissociated form is higher than that of the molecular form. The curve A λmax = f(pH) of the hydrazone H 4 (Fig. 2 ) displays one step, which means that the dissociation process take place in one step. The same situation is observed for the hydrazones H 1 , H 2 and H 3 . As it is mentioned before, the dissociated proton belongs to the amide group.
In addition, as it is expected ,the ,,S" curve of the hydrazone H 5 has two steps. The first step is observed in the pH range from 9.4 and 10.2 (first A A pH pH step of dissociation) and the second one between 11.7 and 13.2 (second step of dissociation).
These two clear steps on the ,,S" curve of the hydrazone H 5 (Fig. 2) indicate the establishment of two acid-base equilibriums over the used pH range. Ionization of the hydroxyl group occurs first, than follows ionization of the amide group.
Semiempirical data
In order to confirm the conclusions that are obtained from the experimental spectra and sigmoidal ,,S" curves, we made some semiempirical calculations. The deprotonation enthalpy (DPE) of compound HB is the heat of reaction for loss of a proton to form the conjugate base as it is given with the Eq.
(1). DPE is the characteristic of a neutral molecule and it could be calculated according to Eq. (4).
In the Eq. (4), ΔH f (H + ) is the heat of formation of H + and its experimental value is 367.2 kcal mol -1 [26] , while ΔH f (BH) and ΔH f (B -) are the heats of formation of neutral and dissociated forms, respectively. The heats of formation, total energies and the calculated DPE values of the investigated hydrazones are presented in Table 3 .
The obtained semiemirical data show that the DPE values of the amide group are similar for the investigated hydrazones H 1 -H 3 , and theirs values are around 333 kcal mol -1 (Table 3) . It suggests that the substituents -CH 3 and -OCH 3 have no important influence of the dissociation reaction. The hydrazones H 4 and H 5 have a little lower values of DPE compared to the hydrazones H 1 -H 3 , probably due to the presence of the -Cl and -OH group in their molecule, but still these differences are not significant. The situation is different for the hydrazone H 5 which has two dissociable groups ( Table 3 ). The DPE values of the hydroxyl group are higher than the DPE values of the amide group. It shows that the deprotonation of the hydroxyl group occurs first, which is in accordance with the above performed conclusions. This is also in agreement with the experimental data (Table 3 ) and the data known from the literature [27] . Furthermore, the values of the total energy are similar for the neutral and dissociated form for all investigated hydrazones. It means that the both forms exist in equilibrium in the solution. On the other hand, the total energy value of the hydrazone H 5 when the both groups (-NH and -OH) are dissociated is lower compared to the neutral form, suggesting that these dissociated form are more stable. As it is already mentioned, the Scheme 1 shows that hydrazones H 1 -H 4 possess one site of dissociation i.e. amide group in their molecule. On the other hand, hydrazone H 5 has two sites of dissociation. In spite of amide group, the hydroxyl group dissociates, too.
Determination of the dissociation constants, pK BH
The dissociation constants of investigated hydrazones are determined by varying pH (up to 7) in aqueous sodium hydroxide media. Another important factor which has influence on the determination of the pK BH values is the ionic strength of the solution. It affects the activity coefficients of the ionic species in equilibrium. Hence, the procedure of determination is performed at constant ionic strength of 0.1, 0.25 and 0.5 mol dm -3 , as it is mentioned before. The measurements are done at different strengths in order to determine the thermodynamic dissociation constants. Furthermore, the measurements are repeated twice in order to confirm the obtained results.
The variation of absorbance with pH of the solutions is utilized for calculation of the pK BH . In order to achieve more precise results the absorbance values at four analytical wavelengths are used. The absorbance values at 290, 295, 300 and 305 nm of the band that appears at about 300 nm wavelength for the hydrazones H 1 -H 4 and the absorbance values at 315, 320, 325 and 330 nm of the band that appears at 325 nm for the hydrazone H 5 are chosen as the analytical ones for determining the pK BH values. The changes in the absorbance values with increasing the basicity of the solutions are bigger around the absorption maximum i.e. the ,,S" curves are the best when these absorbance values are used. The absorbances used for the calculation of the pK BH values and ionization ratio (logI) values at ionic strength of 0.1 mol dm -3 are shown in Tables 4, 5 and 6.
T a b l e 4
The absorbance values at the selected wavelength and ionization ratio (I) values of the hydrazones H 1 Using the absorbance values at the selected wavelengths the molar absorption coefficients are calculated according to Beer's low. To achieve that, the UV spectra are recorded at three different concentrations of the investigated hydrazones: 2.40⋅10 -5 mol dm Table 7 ). In the Fig. 3 are presented the graphically obtained pK BH values of the hydrazone H 5 for the first and second dissociation step. The statistical data (s and V) suggest that the used method for calculation of the pK BH is correct. The correlation between logI and pH is satisfactory (R is close to 1). 
Thermodynamic dissociation constants
Determination of the thermodynamic dissociation constants is done graphically. Namely, the curve of the dependence of pK BH (obtained for different ionic strength 0.1, 0.25 and 0.5 mol dm -3 ) on square root of μ is extrapolated to zero ionic strength. The intercept of this dependence is equal to the thermodynamic dissociation constant.
The dependence of calculated pK BH at ionic strengths of 0.1, 0.25 and 0.5 mol dm -3 on μ for hydrazone H 5 , is presented on Fig. 4 . The evaluated thermodynamic pK BH values for all investigated hydrazones are shown in Table 5 .
CONCLUSION
This study is carried out in order to determine the pK BH values of five p-substituted aromatic hydrazones. For that purpose, the spectrophotometric method is applied. The spectral behavior of the investigated aromatic hydrazones is followed in basic media i.e. in pH region from 7 to 14. It is found that pK BH pK BH a b μ μ in aqueous sodium hydroxide solutions, the electronic absorption spectra are sensitive to pH variation. The ,,S" curves as well as, the isosbestic points observed in the spectra, indicated that one acid-base reaction for the hydrazones H 1 -H 4 , which involved the dissociation of the amide group, take place. On the other hand, for the hydrazone H 5 two acid-base equilibriums are observed i.e. in spite of amide group, dissociation process occurrs in the hydroxyl group. The semiempirical methods (AM1 and PM3) are useful for studying processes that involve deprotonation of neutral molecules. The obtained semiempirical data show the deprotonation site and suggest that the substituents present in the investigated hydrazone molecules have no significant influence on the derotonation processes. The changes in the absorbance vs. pH are used for determination of the acid dissociation constants at ionic strength of 0.1, 0.25 and 0.5 mol dm -3 . From these values the thermodynamic dissociation constants of hydrazones H 1 -H 4 are evaluated.
